People make reliable and consistent matches between taste and color. However, in contrast to other cross-modal correspondences, all of the research to date has used only taste words (and often color words too), potentially limiting our understanding of how taste-color matches arise. Here, participants sampled the 5 basic tastes, at 3 concentration steps, and selected their best matching color from a color wheel. This test was repeated, and in addition, participants evaluated the valence of the taste and their color choice, as well as the qualities/intensities of the taste stimuli. Participants were then presented with taste names and asked to generate the best matching color name, as well as reporting how they made their earlier choices. Color selections were reliable and consistent and closely followed those based on taste word matches obtained in this and prior studies. Most participants reported basing their color choices on their associated taste-object (often foods). There was marked similarity in valence between taste and color choices, and the saturation of color choices was related to tastant concentration. We discuss what drives color-taste pairings, with learning suggested as one possible mechanism.
Introduction
Cross-modal correspondences have been documented in all sensory domains, but are less explored in the chemical senses. One exception is taste and color. Taste is composed of at least 5 basic qualities, sweet, sour, bitter, salty, and umami (which alone tastes "meaty"; Duffy et al. 2009 ). Investigators, in 7 studies, have found evidence of consistent mappings between particular tastes and colors (O'Mahony 1983; Heller 1999; Koch and Koch 2003; Tomasik-Krotki and Strojny 2008; Wan et al. 2014; Spence et al. 2015; . In each of these studies, participants were asked to determine which color (including white, gray, and black), using patches or words, went best with which taste "name" (e.g., sweet) or vice versa. With varying sample sizes and adult participants drawn from many countries, the results have been surprisingly consistent. The most consistent matches (the fastest, , and congruent based on the pattern of event related potentials, Skrandies and Reuther 2008) are as follows: red and pink with sweet, white and blue with salty, green and yellow with sour, and black and green with bitter. Umami (meaty), which has only been included in 2 studies (Tomasik-Krotki and Strojny 2008; Wan et al. 2014) , is less consistently linked to any 1 color.
What is most surprising about these findings is that they are based on taste "words," and often color words too, especially as the literature already suggests that different cross-modal effects may ensue when taste words are used rather than tastants ). This reliance on taste words raises several issues. First, and as already apparent, umami (meaty) is not clearly associated with any particular color, which might have much to do with people being unsure of its specific taste. Another problem emerges for bitter and sour tastes. Although they are readily discriminable, their labels are often confused (e.g., Robinson 1970) , which might explain their shared color association-green. Second, taste experiences vary in magnitude. Milk is not very sweet and potatoes are not very salty, but chocolate milk is very sweet and potato chips are very salty-so when participants are making judgments about sweet and salty, and the other tastes too, what particular intensity are they basing their judgments on? Finally, and most importantly, how in particular are participants making these verbally based judgments? Are they imagining a taste, are they visualizing a prototypically tasting food (e.g., sour-"lime"-green), or are they basing their evaluation on common shared features (e.g., I dislike sour and green)? It could be that real tastes would provide a different set of associations, especially when divorced from food and presented as a clear solution in a cup.
A further and related issue concerns mechanism. Three explanations, shared across all cross-modal correspondences, have been advanced. First, statistical accounts suggest that people learn environmental contingencies between the properties of objects, including their taste and color (Spence 2011) . So, when making a taste-color judgment, this could be based upon the color of the most frequently encountered and consistent taste-object (i.e., sour-lime). Second, semantic accounts rely upon shared meaning between 2 percepts. One form of shared meaning relates to affective or emotional valence (Palmer et al. 2013 ). Osgood's early work using the semantic differential identified valence (i.e., pleasantness) as one form of meaning, shared by all sensory continua (see Osgood et al. 1957) . As both tastes and colors reliably differ in reported valence (e.g., Palmer and Schloss 2010), it seems plausible that color choices could be based on shared valence between taste and color. Third, there are properties of stimuli that are common across the senses, notably magnitude-related features such as size, duration, and intensity. When the brain encounters information from multiple sensory channels of similar physical magnitude (e.g., a saturated color and a concentrated tastant), they may be perceived as similar due to common neural coding of magnitude (Marks 1989; Shermer and Levitan 2014) . This explanationreferred to as the structural account of cross-modal correspondences (see Spence 2011 ) is less useful in terms of color selection for tastes, but could be very important in determining the saturation of the selected color, as intensity based correspondences may exist across all sensory domains due to common neural structuring of magnitude.
In the experiment reported here, we provided participants with the 5 basic tastants at 3 concentrations. First, they sampled each tastant and matched it to a particular color (or white/black/gray) using a color wheel. Ratings of taste characteristics and hedonics were also obtained. Second, in a further round of testing, participants were asked to make color matches again, as well as judging how much they disliked/liked each color choice. Finally, participants were asked to match taste names to color names and to report how they had made their earlier selections. Together, this allowed us to examine the testretest reliability and consistency of color choices, the reported method used, whether tastant concentration related to saturation, and whether valence was concordant between taste and color choices. 
Materials
Tastant solutions were prepared at 3 concentration steps, as determined from prior studies (Yan and Dando 2015; Wang et al. 2016) . Tastants and concentrations were: sucrose (CSR; 25 g/L, 50 g/L, 100 g/L), sodium chloride (Woolworths; 2 g/L, 4.6 g/L, 9.6 g/L), citric acid (Sigma Aldrich; 0.56 g/L, 0.80 g/L, 1.5 g/L), quinine (Sigma Aldrich; 0.02 g/L, 0.05 g/L, 0.16 g/L [all initially dissolved in propylene glycol]) and monosodium glutamate (meaty; Ajinomoto; 1.5 g/L, 7 g/L, 45 g/L). All solutions were made up to volume and refrigerated. Tastants, which were visually identical, were presented in 10-mL aliquots in disposable 50-mL cups and allowed to warm to room-temperature prior to testing.
Log magnitude rating scales were used to assess intensity, irritancy, and the 5 taste-qualities (ranging from "Barely detectable" to "Strongest imaginable"; see Green et al. 1996) . Valence was assessed using the bipolar labeled affective magnitude scale (ranging from "Greatest imaginable dislike" to "Greatest imaginable like"; see Cardello and Schutz 2004) .
Participants recorded their color choice for each taste using a Microsoft PowerPoint slide, on a Mac laptop (28-cm screen size). Each trial slide contained a white box (4 cm × 4 cm) in the center of the screen. Participants selected their matching color (or gray/black/white) using the computer-HSV color wheel. A brightness slider was located on the right side of the wheel. Together, the wheel and slider provided a measure of color choice (hue), intensity (saturation), and luminance (brightness).
Procedure
Participants were instructed to refrain from eating, drinking, and smoking 30 min prior to testing and all reported complying. After obtaining basic biographical data, a chemosensory disorder questionnaire and the Ishihara color vision test were completed. The experimental phase then commenced lasting 1 h, with a 5-min interval between part 1 and 2.
Part 1 started with training on the HSV-color wheel. Participants then practiced the tasting procedure with a water blank, pouring the whole sample into their mouth, rolling it around, and then expectorating into a spittoon. They then selected their matching color, after which they were shown how to use the log magnitude scales. Eight log magnitude scales were presented on a single page in the same order for each stimulus. Participants were asked to evaluate how intense, sweet, salty, sour, bitter, meaty (i.e., the 5-taste qualities), and irritating and pleasant (i.e., valence), the tastant was. After completing all of the scales, participants rinsed their mouth with water. This same process-sample, expectorate, select color, evaluate taste, and rinse-was then repeated for all 15 tastants and for 3 water blanks, included to reduce adaptation. Stimuli were presented in a different randomized order for each participant. Progression was self-paced.
Following a 5-min break, part 2 commenced. The same 18 solutions were presented again, in the same randomized order as part 1, so as to preserve the judgmental context. There was 1 procedural difference. Taste ratings were removed and instead participants completed an hedonic evaluation of their selected color choice using a bipolar labeled affective magnitude scale. Participants were reminded to make this rating based on their chosen color not the taste.
After completing part 2, participants were asked to tell the experimenter which color, by name, they best associated with each of the primary taste words (sweet, sour, salty, meaty, and bitter). Each participant was then asked verbally by the experimenter whether there were any reasons behind their color selections made during the experiment. The experimenter recorded responses verbatim, which were then coded by the authors.
Analyses

Psychophysical data
To confirm that participants could correctly identify each tastant's primary quality, a target minus nontarget score was calculated for each tastant at each concentration step. First, the average of all of the nontarget taste qualities for each tastant was calculated (e.g., for sucrose; saltiness, sourness, bitterness, and meatiness ratings were averaged). Second, this average nontarget score was then subtracted from the nominal target quality (e.g., for sucrose-sweetness). As these data were non-normal, a nonparametric (Wilcoxon test) 1-sample test was conducted, with mu set at 0. Alpha was set at 0.017 for each tastant type, following Bonferroni correction by concentration level (i.e., 0.05/3).
To examine intensity, irritancy, and valence of the tastants, repeated-measures ANOVAs were used. Concentration step and tastant type served as the independent variables. As these ANOVAs were conducted to confirm the basic character profile of the tastants (e.g., intensity increases with concentration, sweet is liked and bitter is disliked, sour tastes are irritating, etc.), no follow-up tests were conducted. Where violations of sphericity occurred the Huynh-Feldt correction was applied (as for other ANOVAs below).
Color-taste pairing data
To assess the test-retest reliability of color-taste pairings across part 1 and 2 of the experiment, a method to estimate agreement was used. First, color choices were grouped into 6 categories based upon prior studies (Spence et al. 2015; . Colors with hue values from 15° to 285° were classified as red/pink, 45° to 75° as yellow, 76° to 149° as green, 150° to 255° as blue, with all remaining hue values (namely orange and violet), classified as other. When there was no hue and only brightness was adjusted (i.e., when saturation was 0), responses were grouped into a no-color (black/gray/ white) category. Second, for every tastant at each concentration level, participants were either scored a "1" indicating the same color category selected in part 1 and 2, or a "0" indicating no match. As these data were non-normal, a nonparametric procedure was used. To test if agreement rate for each tastant at each concentration step was above a chance agreement rate (calculated as the odds of selecting the same color category in part 1 and 2 [i.e., P = 0.17]), a Wilcoxon test was used. Alpha was set at 0.017 for each tastant type, following Bonferroni correction by concentration level.
To assess the consistency of color-taste pairings between participants, we used chi-square tests for each tastant, using the 6 color categories. The null hypothesis is that responses are equally distributed across the 6 categories, and to this end the expected value for each cell of the chi-square test was n divided by the number of color categories. As the color choices were repeated for each tastant and as each tastant had 3 concentration steps, each participant generated 6 color choices per tastant. Thus, to ensure the assumption of independence, 3 different chi-square tests were undertaken for each tastant. The first used color choices made for the medium concentration of each tastant in part 1. The second used the corresponding data from part 2. The third was computed on the modal color choice across all 6 color choices per tastant. If there was no modal choice, the participant's color choice was classified as other color.
Post-hoc chi-square tests were used to explore the source of significant effects, by comparing the target color category of interest with another category composed of all of the remaining categories collapsed together, with the expected values adjusted accordingly (i.e., target category expected = 8.3 vs. the sum of all remaining categories expected = 41.7).
To determine if color-taste pairings identified verbally were consistent between participants, a further set of chi-square analyses were conducted. As with the contingency tables used for the actual tastants, participants' verbal color choices for each taste word were categorized into the same 6 color categories used above.
Mechanism-related data
Participants' responses as to how they reportedly made their color choices were coded into statistical, semantic, or 'no-explanation given' categories. To establish whether using the most frequently identified strategy (relative to the others) affected test-retest reliability, we used an independent t-test on these data.
To assess whether the tastant concentration was lawfully related to the degree of saturation of the selected color (scaled from 0 to 100; all achromatic responses scored 0), a repeated-measures ANOVA was used on these data, with Concentration step, Time (part 1 vs. 2), and Tastant type as within-participant factors.
To determine consistency between taste and selected color valence, each participant's hedonic ratings for their 15 tastants were correlated with their self-reported hedonic ratings for their 15 corresponding selected colors. These correlations were converted to r′ values (i.e., standardized correlation coefficients) prior to a 1-sample t-test, to determine if the average correlation differed from 0.
Results
Taste properties
Participants reported taste qualities, intensities, hedonics, and irritancy as would be expected. As can be seen in Table 1 , the target taste quality was dominant in each case (i.e., all values positive) with the score representing a mean difference of around one-third of the rating scale.
The taste intensity ANOVA revealed a significant main effect of Concentration F(2, 96) = 84.15, P < 0.0001, η 2 = 0.64, with intensity increasing with the concentration step (low M = 29.7 [SD = 21.5]; medium M = 38.8 [SD = 21.9]; high M = 49.6 [SD = 24.9]), with this occurring to a similar degree for each tastant (i.e., no interaction effect). There was also a main effect of Tastant type F(4, 192) = 31.70 P < 0.0001, η 2 = 0.40, with quinine judged most intense and sucrose least, perhaps due to some conflation of intensity and hedonics.
For the hedonic data, there was a main effect of Tastant 351.71) = 4.29, P < 0.001, η 2 = 0.08. As concentration increased for salty, sour, bitter, and meaty tastes, pleasantness ratings tended to decrease, whereas for sucrose, pleasantness ratings tended to increase.
For irritancy, the ANOVA revealed a main effect of Concentration Table 2 ).
Color-taste pairings
For test-retest reliability (see Table 3 ), there was better than chance agreement for all concentration steps for sweet, sour, and meaty. For bitter and salty, only the medium and high concentration steps were significantly better than chance.
For consistency, analysis of the medium concentration of each tastant during part 1 and 2 revealed that participants' choices were not randomly distributed across color categories (see Table 4 ). With the exception of meaty, the most common color was the same during part 1 and 2-red-pink for sweet, blue for salty, yellow for sour, and green for bitter. For meaty, the pattern of color choices was evenly distributed between 2 categories, red-pink and other color. Illustrative data are presented in Supplementary Figure 1 , for the medium concentration on part 1 of the experiment-the first occasion on which color matches were made. Each panel contains 50 elements, with each element representing the color chosen by each participant for that particular taste. Further analyses were conducted on the modal color choice data (see Table 4 ). For sweet, sour, and salty, modal responses were the same as per the analyses above. For bitter, the black-gray-white category was the modal choice, with gray being most frequent. For meaty, the modal color choice was the other color category. To determine which "other color," a further set of chi-square analyses were conducted using 8 color categories. This involved splitting responses in the red/pink category into red (values by approach now; 14, 12, 13) and pink (values; 3, 2, 0) and the other color category into violet (values; 1, 0, 9) and orange (values; 15, 15, 14) . Orange, closely followed by red, were the colors most frequently chosen for meaty (chisquare values by approach, 32.9, 35.4, 33.8, all P < 0.001).
To confirm that the color choice for each taste that we identified above was principally responsible for the nonrandom distribution of color-taste mappings, post-hoc tests were run. The distribution of observed values significantly deviated from the chance expected values for sweet (red/pink vs. remainder; chi square = 173.1, P < 0.001), salty (blue vs. remainder; chi square = 35.3, P < 0.001), sour (yellow vs. remainder; chi square = 16.4, P < 0.001), and bitter (black, gray, and white vs. remainder; chi square = 8.5, P < 0.005). For meaty, this analysis was also conducted but with different expected values based upon 8 color categories, and here too observed values significantly deviated from chance (chi square = 11.0, P < 0.005). Thus, these particular color choices significantly contributed to the nonrandom distribution of color choices made for each taste.
To test for consistent pairings across taste-words and colornames, a further set of chi squares were run. As can be seen in Table 5 , this revealed a very similar outcome to the data obtained with real tastants and colors.
Possible mechanisms
When asked, 36/50 (72%) participants reported basing one or more color choices on real-world taste-color associations (i.e., statistical). Two participants reported making choices based upon valence, with the remaining 12 offering no rationale. There was no difference in test-retest reliability between those reporting a statistical explanation versus no explanation.
Tastant concentration was strongly related to the saturation of the selected color, F(1.82, 89.07) = 32.10, P < 0.0001, η 2 = 0.40, with a highly significant linear trend (P < 0.001, η 2 = 0.47) with saturation increasing with tastant concentration (low M = 54. We examined the data derived from each participant's correlation of their taste and color hedonic ratings. The mean correlation (r′ = 0.65 [SD = 0.54]) was significantly different from 0, t(49) = 8.42, P < 0.001, indicating that selected colors match the valence of their associated taste.
Discussion
Using real tastants and colors, participants taste-color matches were generally consistent across part 1 and 2 of the experiment and were nonrandomly distributed across color categories. Color choices were very similar to those made using taste and color words both in prior studies (O'Mahony 1983; Heller 1999; Koch and Koch 2003; Tomasik-Krotki and Strojny 2008; Wan et al. 2014; Spence et al. 2015; ) and also in our own test of this issue. Many participants reported drawing upon associations between taste and the color of their associated object (generally a food). In addition, there was a strong relationship between the valence of the taste and the selected color. Finally, as with many other cross-modal matches (Marks 1989; Shermer and Levitan 2014) , the stimulus magnitude dimensions of color saturation and tastant concentration were strongly related.
Most participants in our experiment reported using the statistical approach, for one or more taste-color mapping. That this approach may in fact be relevant to taste-color pairings is suggested by another related literature-namely color-based valence judgments (e.g., the general liking for red and disliking for brown), which are also nonrandomly distributed in Western cultures (Taylor et al. 2013) . Correlational evidence suggests that color-based valence judgments may arise from the valence of prototypical objects associated with that color (e.g., brown-feces; Palmer and Schloss 2010) . Interestingly, in attempts to determine whether color-based valence judgments are culturally universal-a view long-held in the literature-recent testing in a remote setting suggested otherwise (Taylor et al. 2013) supporting the idea that color-based valence judgments do derive from the valence of objects prototypical for Chi square = 201.1, P < 0.001; 2 chi square = 57.5, P < 0.001; 3 chi square = 67.4, P < 0.001; 4 chi square = 22.2, P < 0.001; 5 chi square = 102.2, P < 0.001, with 22/28 responses for red and pink being red and the other category solely composed of orange and brown. a particular color. As internet-based computer tasks were used to establish cross-cultural color-taste pairings, limited access to the internet in remote/rural settings is likely to generate greater sample homogeneity than the descriptor "tested in different countries" might suggest. Indeed, remote testing of color-taste associations may prove instructive.
The statistical view is not mutually exclusive with the strong relationship we observed between taste and selected color valence. This is because shared valence between a taste and a color may be mediated by the prototypical food (or other) object that the taste brings to mind. Conversely, this can also be seen by the aversion to food and drinks, which are colored in an unusual manner (i.e., discordant with their prototypical presentation). Take for example, the declining sales associated with making previously colored beverages clear (e.g., crystal pepsi, Tab Clear) and when tomato sauce (red) is made green (e.g., Heinz' green ketchup; Velasco et al. 2016) . Thus, the valence of the food, its taste, and other properties (including its color) may very well be concordant. Consequently, one would expect to observe a correlation between the valence of tastes and their associated colors. If this is correct, then the relationship we observed emerges as a by-product of the statistical account. In addition to this possibility, a more purely valence-based account could also operate. Wang et al. (2016) suggested for certain taste-pitch matches that participants may match the hedonic valence of the taste with that of the pitch. Similarly, here, participants could be matching the valence of the taste with that arising from viewing the color. This explanation is exclusive, as it presumes that commonality of valence drives color choice, not mediation via a recalled prototypical object.
Consistent with prior studies in other modalities (Marks 1989) , we found that, as tastant concentration increased, there was also an increase in the saturation of colors selected-and that this relationship was relative and evident to the same degree for all tastants. In a related vein, intensity matching between taste and color can be seen with everyday foods. For instance, in a recent study Shermer and Levitan (2014) showed that the saturation of salsas (i.e., the intensity of their red color) biased participants ratings of their piquancy in taste (i.e., their spice intensity). These lines of evidence are consistent with 2 theories. First, the idea that underlying neural patterns that represent stimulus magnitude are similar across modalities-i.e., the structural account (Spence 2011) . Second, the relationship between saturation and taste intensity is also compatible with the statistical account. For example, more intensely tasting foods tend (anecdotally) to have more vividly colored (i.e., saturated) packaging, and vice versa.
Pertaining to these findings, 2 additional points need to be considered. First, saturation values differed across tastant type. This effect probably arose because of the greater number of 0 values associated with bitter taste due to achromatic selections. Second, it is possible that irritancy contributed to the concentration-saturation relationship. However, as sucrose does not become more irritating with increasing concentration, in contrast to salty and sour, the absence of a tastant by concentration interaction suggests that any effect of irritancy was probably minor.
In conclusion, we find that, when participants are asked to match real tastants to real colors, their choices are generally reliable and consistent, and they are very similar to prior findings based on words alone. We suggest that color-taste relationships and their shared valence may arise from participants basing their color selections on prototypical food objects associated with each taste.
